Abstract. Long bones of 17 3-to 6-month-old lambs with bowed forelimbs underwent radiologic, microradiographic and histologicexaminations. The distal ends of the radii showed a combination of valgus, flexion and internal rotation. There were thin cortical bone and large marrow cavity adjacent to the growth plate in the radii and metacarpi. Histological studies showed increased numbers of osteoclasts adjacent to the zone of calcified cartilage of the growth plate. The trabeculae of primary and secondary spongiosa were fewer and thinner than those of controls. The length of secondary spongiosa was greatly reduced and the lateral compaction of the metaphysis was defective. The growth plate was normal. The predominant finding was osteoporosis resulting from increased osteoclastic resorption of bone trabeculae.
The occurrence of deformed limbs in young lambs has been reported frequently [1, 6, 11] . Several factors have been suggested as a cause of this disease, among them rickets caused by deficiency of vitamin D [6] , and osteoporosis [7] . The latter has been attributed to intestinal parasitism [9] , ingestion of toxic plants [I] or to a low calcium diet [7] .
Lambs raised at the Animal Research Institute, Ottawa, Ontario, in total confinement have shown a high incidence (8%) of front limb deformities [8, 9] . These frequently have been the fastest growing lambs. The deformities are always at the distal end of the radius.
Radiological, histological, histochemical and microradiographic studies in our lambs indicated that the process of endochondral ossification did not progress normally in the radius and metacarpus.
Materials and Methods
Two groups oflambs were examined. The first group consisted of 17 lambs, removed from their mothers within 24 hours of birth, reared in windowless barns on expanded metal floors, and fed milk replacer dispensed by an automated pipeline (7) . Controls were 10 healthy lambs of the same age, born and raised in a conventional barn with bedded indoor pens and free access to outside paddocks. They were weaned at 49 days, then fed the same diet as the confined lambs. Calcium (0.11%) and phosphate (0.11%) contents of the milk replacer were lower than those in the milk of the control group ewes (0.2% and 0.18%, respectively). Copper concentration (0.2 Itg/ml) was similar to that in control milk, while iron in the milk replacer (9 /lg/ml) was much higher than in the control (0.5 /lg/ml). Our lambs, of Finnish-Landrace and Suffolk-Leicester cross, were weaned from milk replacer 21 to 28 days after birth. The composition of the postweaning diet was: corn, 62.5%; soybean meal, 21.5%; hay (alfalfatimothy), 8%; liquid molasses, 5%; calcium carbonate, 0.25%; dicalcium phosphate, 1.75%, and trace mineralized salt, I %. Two million IU of stabilized vitamin A, 170,000 IU of vitamin D 3 , and 2,000 IU of vitamin E were added per ton of feed. All trace minerals were within recommended concentrations [15] except for calcium (0.51 ± 0.22%of dry matter), phosphorus (0.85 ± 0.03%) and iron (400 mg/kg). The recommended levels of these minerals are 0.4%, 0.3% (17] and 70 rag/kg, respectively (10) .
Serum calcium and phosphorus [5] and other mineral determinations were done using standard methods [8] .
The lambs were killed at ages I to 7 months. All bones of both forelegs were removed, inspected for obvious deformities [8] and radiographed in two planes with Kodak M industrial film. The distal ends of radii were cut longitudinally and two 2-mm-thick slabs were removed from each bone. One slab was demineralized in 10% ethylenediaminotetraacetate for 6 weeks, embedded in paraffin, sectioned at 8 /lm and stained with toluidine blue or by Mann-Dominici technique. The undecalcified slab was stained with Villanueva's osteochrome [16] before embedding in Ward's bioplastic. The blocks were then cut with the Bronwill thin-sectioning machine (Bronwill Co., Rochester, N.Y.) and ground by hand on abrasive waterproof carborundum paper to 80 /lm.
The microradiographs of undecalcified sections were prepared in a unit built by Garth Westenkow Co. and the Jackson Scientific Machine Co. of Salt Lake City, Utah. The glass plates coated with EK spectroscopic emulsion type 649-0 (Canadian Kodak Sales Co., Toronto, Canada) were dipped in 1% solution of celloidin in ethanol-ether and dried. The bone sections, adhering to Scotch brand adhesive tape, were then transferred to emulsion-covered plates so that the section was sandwiched between the tape and photographic emulsion. The sections were exposed to x-rays generated at a regulator voltage of 115 V for 30 minutes. The x-ray voltage was 1000 V and the current was 10 mA. The plates were then developed in Eastman Kodak D-19 developer, rinsed in distilled water, fixed in acid fixer, washed in tap water and dried in an air stream.
The microscopic studies were limited to the radii of 3-month-old and 6-month-old lambs. Nine lambs, 3 months old and raised at the Animal Research Institute, were compared with six lambs of the same age raised under conventional conditions. Four lambs, 6 months old, from the Institute were compared to three lambs of the same age raised in a conventional barn.
Results
The deformity was in the front legs and was diagnosed clinically in 40-to 90-dayold lambs. The main sign was a distinct curvature of the forelimbs with the plantar side of the hooves turned in and the radio-carpal joint in varus ( fig. 1 ). In some lambs, the radiocarpal joints were in valgus and the hooves turned outward. Usually the hooves were longer than normal and badly deformed. In cases of severe deformity, walking was difficult.
Inspection of the dissected bones showed that 16 of 17 lambs had an obvious deformity at the distal radial metaphysis. These deformities, however, were not as obvious as might have been expected from in vivo observation. All other bones appeared normal macroscopically. Only eight lambs had deformity of both forelegs; eight had deformation of one side only. Deformity of the distal end of the radius consisted either of different degrees of internal rotation (23 radii) or of varying degrees of obliquity of the joint axis (eight radii). This obliquity led to a shortening of the lateral side which in combination with the internal rotation produced the typical varus deformity. The two deformities occurred simultaneously in seven radii. After inspection, the bones were cut longitudinally. In radii and metacarpi from affected lambs the marrow cavity reached or neared the metaphyseal side of the growth plate ( fig. 2a) . In control lambs, the process of cavitation started at the metaphyseo-diaphyseal level ( fig. 2b) . The extent of cavitation was identical in both groups at the proximal end of the metacarpus where no growth plate is present. The medullary cavities always contained fat. Radiologic observations showed a slight flexion deformity at the distal metaphysis of the radius in half the lambs. The most striking difference between affected lambs reared in confinement and healthy lambs reared in conventional barns was the decreased bone density, obvious in the radii and metacarpi but not seen in humeri and scapulae. Other bones were not examined. The medullary cavity began normally at the diaphyseo-metaphyseallevel but reached or neared the growth plate of radii and metacarpi in affected lambs ( fig. 3a, b) . Moreover, the normal process of compaction of the cortices was defective. Only at the junction between metaphysis and diaphysis did the outline of the cortices become clear. The cortices were much thinner than those of controls of identical age. The growth plates were of similar width and height in both groups. No flaring of the metaphyses was observed.
When microscopic sections of normal control lambs were compared to sections of 3-month-old affected lambs, three significant changes, present even in lambs with no macroscopic evidence of deformity, were evident at the distal end of the radius:
1. Persisting cores of calcified cartilaginous matrix were the site of an intensive resorptive activity at the metaphyseal side of the growth plate. There were numerous osteoclasts between trabeculae of primary spongiosa. The latter were fewer and more widely spaced than in controls. This phenomenon was obvious at the central part of the growth cartilage ( fig. 4a, b) . Many large thin-walled blood vessels accompanied this process, which was less pronounced toward the periphery. The growth plate was of normal height. No secondary bone trabeculae were seen in the central part where the medullary cavity came close to the growth plate ( fig. Sa, b) . Trabeculae of secondary spongiosa surrounding this cavity were fewer and thinner than in control lambs. The osteoid seams in affected and control lambs were of similar width and the osteoblasts appeared identical.
2. The metaphyseal cortex was thinner than normal ( fig. 6a, b) . Trabeculae close to the cortex and fusing with it were fewer and thinner. Appositional osteoblastic activity was lacking. The cortex toward the diaphysis was also thinner and somewhat more porous. Interstitial fibrosis was evident. Micro-fractures of trabeculae were seen in only one lamb. The overall cellularity was decreased but osteoblastic activity was present. There were no signs of osteocytic osteolysis..
3. In the epiphyseal articular cartilage, which acted as a mini-growth plate, a reduced cellularity and an early formation of a subchondral bone plate were evident ( fig. 7a, b) . Inside the epiphysis, the trabeculae were thinner and fewer cells were in the marrow spaces.
In 6-month-old lambs, all these changes were seen. In control lambs, bone trabeculae filling the whole metaphysis were predominantly vertical. This pattern was disrupted in affected lambs. The secondary spongiosa was reduced in height and the trabeculae looked horizontal rather than vertical. In some lambs, only one or two cross-trabeculae separated the growth plate from the medullary canal. The minigrowth plate of the epiphysis was still active in normal lambs, whereas a complete subchondral plate had formed in the deformed lambs. The articular cartilage of affected lambs showed normal metachromasia but was thinner than that of control lambs. Microradiographs showed that the distal end of the affected radius had a normal mineralization of the cartilaginous cores but there was resorption at the central part of the plate ( fig. 8a, b) . The trabeculae were thinner and sparser and lateral compaction was faulty. The height of the growth cartilage was identical in affected and control lambs. Similar observations were made at the proximal end of the metacarpus whereas both ends of the humerus appeared normal.
Discussion
Our study shows that about 8% of lambs weaned from milk replacer between 21 and 28 days old and raised in total confinement on a special diet high in calcium, phosphorus and iron developed deformities of front limbs [8, 9] as described above.
Histological, histochemical, radiologic and microradiographic studies indicate that osteoporosis is the underlying cause of the deformities. The presence of numerous osteoclasts at the primary spongiosa of distal radial metaphysis, thin and sparse trabeculae of secondary spongiosa and no evidence of decreased osteoblastic activity suggest that bone resorption was enhanced in affected lambs. An increased resorption without concomitant increase in formation can result in the development of osteoporosis [13] .
Similar front limb deformities have been described (1, 6, 11, 14] , but histologic features were different. A deformity in suckling lambs called "bowie" has been described [6] . The distal end of the radius and metacarpals was affected causing "a turning in of the toes and a pushing out of the elbows." Among the histologic features were persistence of mature cartilage cells and consequently an increased depth of the zone without a gross failure of provisional calcification. The osteoid seams were of normal width. Similar deformities have been called "bent-leg" [1]. The bowing was evident 2 days after birth. The growth plates were narrow and fewer chondrocytes than normal were seen in an individual column. The cartilage matrix was excessive. At the metaphyseal side, there was an irregular capillary invasion and a reduction in spongy bone. It was suggested that ingestion by the ewe of toxic plants of the genus Trachymene results in selective damage of growth plates in the fetus. The histologic characteristics of "bowie" [6] and "bent-leg" [1] differ from the features seen in our lambs. Histologic changes similar to ours in distal ends of radii of lambs.fed low calcium diet have been described [11] . Unfortunately, no mention of deformities was made. The low calcium diet led to hypocalcemia (8.9 mg/dl), hyperphosphatemia (10.8 to 11.7 mg/dl), osteoporosis and parathyroid hyperplasia. An increased secretion of parathyroid hormone as a factor stimulating bone resorption was proposed. No evidence of rickets was observed. In our lambs, the serum calcium levels were within normal limits (10.9 to 12.4 mg/dl), whereas inorganic phosphorus was constantly elevated (9.7 to 11.5 mg/dl) [8] . One may speculate that secondary hyperparathyroidism could be involv.ed because hyperphosphatemia and normocalcemia are known to accompany this condition [13] . The parathyroid glands of the lambs were not examined histologically. Such an evaluation as well as measurement of the amount of parathyroid hormone in blood are planned in this ongoing investigation. Parathyroid stimulation may result from the dietary imbalance (nearly normal calcium, elevated phosphorus, possibly with marginal or deficient vitamin D intake in an animal housed indoors). Although serum phosphorus has no direct effect on parathyroid hormone secretion, it could have an indirect influence in cases of hyperkalemia. The resulting hypocalcemia would increase parathyroid hormone secretion and lead to bone resorption. Blood levels of calcium would then return to normal.
It could be that an imbalance in the mineral metabolism leads to a precocious resorption of the calcified cartilage cores (13) . Consequently, the template for formation of primary and secondary spongiosa is absent or reduced. The resulting osteoporosis could cause mechanical weakening of bone leading to the deformities observed. This is a complex problem which could be a combination of an osteodystrophic factor and physical conditions. The diet containing calcium and phosphorus in improper proportions and amounts, plus total confinement without enough sunlight for adequate conversion of 7~dehydrocholesterolto vitamin D, may have promoted development of this osteodystrophic condition [4, 12] . Another cause of this disturbance could be lack of exercise. The following suggestion has been made as to the pathogenesis of this condition [8] : Excess ingestion of iron affected the metabolism of phosphorus and the elevated serum phosphorus recorded in the affected lambs inhibited the synthesis of the renal vitamin D metabolite, 1,25 dihydroxycholecalciferol. It was reported recently [2] that increased serum phosphorus inhibits synthesis of 1,25 dihydroxycholecalciferol which was found to be low in the plasma of patients with osteoporoses [3] .
